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Description
Field of the invention

[0001] The presentinvention relates in general to the
field of magnetic sensor devices, and more in particular
to sensor devices comprising a semiconductor substrate
with circuitry for measuring a magneto-impedance effect
of a soft-magnetic component integrated on the semi-
conductor substrate. The presentinventionis also related
to a method of producing such a sensor device.

Background of the invention

[0002] There are various techniques for measuring a
magnetic field, for example by making use of the Hall-
effect as is typically done in Vertical or Horizontal Hall
sensors, or by making use of the magneto-resistive effect
as is typically done in magneto-resistive (MR) sensors,
or by making use of the magneto-impedance effect as is
typically done in magneto-impedance (Ml) sensors. Each
of these techniques is known in the art, and has its ad-
vantages and disadvantages.

[0003] The basic principles of Hall sensors, magneto-
resistive (MR) sensors, and magneto-impedance (Ml)
sensors are known in the art, and hence need not to be
repeated here. Suffice it to say that horizontal Hall ele-
ments are capable of measuring a magnetic field ampli-
tude and direction oriented perpendicular to a substrate
in which they areimplemented, that vertical Hall elements
are capable of measuring a magnetic field (amplitude
and direction) oriented parallel to a substrate in which
they are implemented, and that MR elements and Ml sen-
sors are capable of measuring a magnetic field amplitude
(but not necessarily also direction) oriented parallel to a
substrate in which they are implemented.

[0004] EP1076243(A2) and EP1293792(A2) describe
magneto-impedance effect elements, and methods of
manufacturing them.

[0005] There is always room for improvements or al-
ternatives.

Summary of the invention

[0006] It is an object of embodiments of the present
invention to provide a magnetic sensor device and a
method for producing that sensor device.

[0007] It is an object of embodiments of the present
invention to provide a sensor device comprising a sem-
iconductor substrate comprising circuitry and an integrat-
ed component for magneto-impedance measurement,
and to provide a method for producing such a sensor
device.

[0008] It is an object of embodiments of the present
invention to provide a magnetic sensor device that is
more compact.

[0009] It is an object of embodiments of the present
invention to provide a magnetic sensor device with an
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improved robustness against external influences such
as ageing effects and/or temperature changes and/or hu-
midity changes and/or mechanical vibrations and/or cen-
trifugal forces.

[0010] It is an object of embodiments of the present
invention to provide a magnetic sensor device with an
improved shock resistance.

[0011] It is an object of embodiments of the present
invention to provide a magnetic sensor device having an
improved sensitivity and/or having a larger measurement
range, e.g. as compared to Hall elements.

[0012] It is an object of embodiments of the present
invention to provide a magnetic sensordevice comprising
only a single die.

[0013] It is an object of embodiments of the present
invention to provide a magnetic sensordevice comprising
an Ml element with a reduced risk of delamination.
[0014] It is an object of embodiments of the present
invention to provide a magnetic sensor device with a re-
duced power consumption for a given sensitivity.
[0015] These and other objectives are accomplished
by embodiments of the present invention.

[0016] Accordingtoafirstaspect, the presentinvention
provides a sensor device comprising: a semiconductor
substrate (e.g. a CMOS substrate) comprising an exci-
tation circuit for generating an alternating voltage or an
alternating current, and a sensing circuit for measuring
magneto-impedance effect of a soft-magnetic compo-
nent arranged on top of the semiconductor substrate;
wherein the soft-magnetic componentis operatively con-
nected to both of said excitation circuit and said sensing
circuit; and wherein the soft-magnetic componentis elec-
trically connected to at least one of said excitation circuit
and said sensing circuit by means of back contacts situ-
ated at a bottom surface of the soft-magnetic component,
and/or by means of side contacts situated near at lateral
surface of the soft magnetic component; wherein the soft-
magnetic component has an elongated shape extending
in a first direction parallel to the semiconductor substrate,
or has a shape (e.g. a spiral shape or a meander shape)
comprising at least one elongated portion extending in a
first direction (e.g. X) parallel to the semiconductor sub-
strate; a processing circuit connected to the sensing cir-
cuit, and configured for providing a signal indicative of
the magneto-impedance effect or a value derived there-
from (e.g. a magnetic field component Bx, a current, a
torque, a position, a pressure).

[0017] With "soft-magnetic component " is meant that
a component or element that consists of, or mainly com-
prises a soft-magnetic material, e.g. an element made of
a ferro-magnetic material. The "soft-magnetic compo-
nent" can also be referred to as "integrated Ml element"
in this application.

[0018] The "back contacts" may also be referred to as
"bottom contacts". They are situated at a bottom surface
of the soft-magnetic component (e.g. as shown in FIG.
1A and FIG. 2A). The "side contacts" are situated near
a lateral surface of the soft magnetic component (e.g. as
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shown in FIG. 15A to FIG. 15C).

[0019] Preferably the sensor device is an integrated
circuit (so called "chip") encapsulated in a moulded pack-
age.

[0020] Preferably, the semiconductor substrate is

overmoulded in a way such that the ferro-magnetic ele-
ment is not exposed (after moulding), and is not directly
accessible from the outside of the moulded package.
[0021] In an embodiment, the soft-magnetic material
is a ferromagnetic material, e.g. FeNi or an Fe-Ni alloy.
[0022] Preferably, the semiconductor substrate mainly
comprises silicon.

[0023] Preferably, the semiconductor substrate (not
considering the soft-magnetic element), is a "CMOS de-
vice", i.e.is produced using a CMOS compatible process.
[0024] The "soft-magnetic element" is also referred to
herein as "MI-element".

[0025] The "signal indicative of the magneto-imped-
ance effect" may be an impedance value, but that is not
absolutely required, but could also be, e.g. a value related
to a damped oscillation, e.g. related to the ringing of the
waveform of the signal provided by the sensing circuit,
e.g. when a rectangular square wave is provided by the
excitation circuit.

[0026] In anembodiment, atleast one of the excitation
circuit and the sensing circuit is electrically to the soft-
magnetic component.

[0027] In an embodiment, the excitation circuit is in-
ductively coupled to the soft-magnetic component (e.g.
using an excitation coil wound around the soft-magnetic
element), and the sensing circuitis electrically connected
to the soft-magnetic component (e.g. at a first and a sec-
ond sensing contact S1, S2), e.g. as schematically indi-
cated in FIG. 7.

[0028] In an embodiment, the excitation circuit is elec-
trically connected to the soft-magnetic component (e.g.
at a first and a second excitation contact E1, E2), and
the sensing circuit is inductively coupled to the soft-mag-
netic component (e.g. using a sensing coil wound around
the soft-magnetic element), e.g. as schematically indi-
cated in FIG. 8.

[0029] In an embodiment, the excitation circuit is elec-
trically connected to the soft-magnetic component (e.g.
at a first and a second excitation contact E1, E2), and
the sensing circuit is electrically connected to the soft-
magnetic component (e.g. atafirstand a second sensing
contactS1, S2), e.g. as schematically indicated in FIG. 6.
[0030] In an embodiment, the processing circuit may
be, or may comprise a programmable digital processor.
[0031] Inanembodiment, the semiconductorsubstrate
further comprises a non-volatile memory, operatively
connected to the processing circuit. This non-volatile
memory may store at least one constant, or may store a
look-up table for converting the measured impedance
value into a magnetic field value, or into a current value,
or into a torque value, etc.

[0032] In an embodiment, the impedance measure-
ment involves determining an attenuation and a phase
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shift between the excitation signal and the sensed signal,
e.g. between the applied voltage and the sensed current,
or between the applied current and the sensed voltage.
The impedance value can be expressed by a complex
value having a reel part and a non-zero imaginary part.
[0033] Inanembodiment, the excitation circuit is elec-
trically connected to the soft-magnetic component at a
first and a second excitation contact (e.g. E1, E2); and
the sensing circuit is electrically connected to the soft-
magnetic component at a first and a second sensing con-
tact (e.g. S1, S2).

[0034] In an embodiment, the excitation circuit is con-
figured for applying an alternating voltage to the soft-
magnetic element, for causing an alternating current to
flow through at least a portion of the soft-magnetic ele-
ment.

[0035] Inan embodiment, the excitation circuit is con-
figured for passing an alternating current through the soft-
magnetic element, and for measuring an alternating volt-
age over at least a portion of the soft-magnetic element.
[0036] The excitation circuit may be configured for ap-
plying an AC voltage or an AC current having a frequency
in the range from 10 kHz to 2.0 GHz, or in the range from
10 kHz to 500 MHz, or from 100 kHz to 200 MHz, or from
10 kHz to 100 MHz, or from 50 kHz to 500 MHz, or from
100 kHz to 100 MHz, or from 50 kHz to 50 MHz, e.g. a
frequency of at least 10 kHz, or at least 20 kHz, or at
least 50 kHz, or at least 100 kHz, or at least 200 kHz, or
at least 500 kHz, or at least 1.0 MHz, or at least 2.0 MHz,
or atleast 5.0 MHz, or at least 10.0 MHz, or at least 20.0
MHz, or at least 50 MHz, and/or at most 1.0 GHz, or at
most 500 MHz, or at most 200 MHz, or at most 100 MHz.
[0037] Inan embodiment, the sensing circuitis config-
ured for measuring an alternating voltage or for measur-
ing an alternating current flowing through at least a por-
tion of the soft-magnetic element.

[0038] In an embodiment, the first excitation contact
(e.g. E1) coincides with the first sensing contact (e.g. S1)
and the second excitation contact (e.g. E2) coincides with
the second sensing contact (e.g. S2).

[0039] In an embodiment, the first and the second
sensing contact (e.g. S1, S2) are situated between the
first and the second excitation contact (e.g. E1, E2).
[0040] In an embodiment, the excitation contacts may
be situated at least 5% or at least 10% or at least 15%
of the length of the elongated portion of the MI-element,
from the longitudinal ends of the MI-element.

[0041] Inanembodiment, the semiconductor substrate
further comprises a buffer layer (e.g. a polyimide layer),
and the soft-magnetic component is arranged on top of
this buffer layer.

[0042] Itis an advantage of the buffer layer that it may
reduce mechanical stress.

[0043] Inan embodiment, the excitation circuit and the
sensing circuit are electrically connected to the soft-mag-
netic component by means of electrical interconnections
passing through the buffer layer.

[0044] Itis an advantage of electrically connecting the
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soft-magnetic component "from below", which may be
referred to as "bottom contact" or "back-contact", be-
cause by doing so, an extra processing step of connect-
ing the soft-magnetic component "from above" (e.g. by
means of bond wires) can be avoided, and because it is
mechanically more stable.

[0045] In an embodiment, the elongated shape or the
elongated portion has a length L and a width W parallel
to the semiconductor substrate, and a thickness T per-
pendicular to the semiconductor substrate; and at least
one of the ratios L/W and T/W is a value in the range
from 2 to 100.

[0046] In case of a spiral or a meander, the total length
L between the outer ends should be considered, not only
a single portion.

[0047] In an embodiment, the thickness T is a value in
the range from 100 nm to 20 pwm. In an embodiment, the
thickness is at least 200 nm, or at least 300 nm, or at
least 400 nm, or at least 500 nm, or at least 750 nm, or
atleast 1.0 um, or at least 1.5 pum, or at least 2.0 pum, or
atleast 3.0 um, or at least 4.0 pum, or at least 5.0 pum, or
at least 6.0 wm, or at least 8.0 um, or at least 10.0 pum,
or at least 12.5 pum, or at least 15.0 um, or at least 17.5
pm.

[0048] In an embodiment, the thickness T is a value in
the range from 5 um to 25 pm, or from 10 pm to 20 pm.
[0049] In an embodiment, the sensor device further
comprises a second soft-magnetic component also hav-
ing at least an elongated portion extending in said first
direction (e.g. X), and wherein both soft-magnetic com-
ponents are excited synchronously (but optionally phase
shifted, and optionally differently biased); and wherein
output signals from the soft-magnetic components are
combined (e.g. summed or subtracted or divided) and
indicative of a gradient signal.

[0050] In an embodiment, the sensor device further
comprises a magnetic shielding that is partially surround-
ing or completely surrounding the second soft-magnetic
element, but not in direct physical contact with the first
or second soft-magnetic element.

[0051] The purpose of the magnetic shielding is to pre-
vent that the second soft-magnetic component will sense
an external magnetic field component Bx, because such
magnetic field will mostly pass through the shielding. The
impedance measurement of the second soft-magnetic
component can be used as a reference to compensate
the impedance measurement of the first soft-magnetic
component to reduce or eliminate temperature effects,
ageing effects or the like.

[0052] The magnetic shielding is preferably applied in
the same processing step as the soft-magnetic elements,
and thus substantially has the same thickness in a direc-
tion perpendicular to the semiconductor substrate.
[0053] In an embodiment, the sensor device further
comprises biasing means for generating a DC magnetic
field in the soft-magnetic element.

[0054] This embodiment offers the advantage that the
characteristic of impedance versus magnetic field to be
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measured, can be shifted away from the origin, and the
sensitivity can be increased.

[0055] Inan embodiment, the biasing means compris-
es a coll, e.g. a planar coil, implemented in the so called
"metal stack" or "interconnection stack" of the semicon-
ductor device, e.g. of the CMOS device. This coil may
comprise one or two or three metal layers. The biasing
coil may for example be implemented in a similar manner
as the transmitter coil described EP3961926(A1), and
illustrated in FIG. 8(a) to FIG. 8(d) thereof, which docu-
ment is incorporated herein by reference in its entirety,
but in the current application, preferably supplied with a
DC-current.

[0056] In an embodiment, the soft-magnetic compo-
nent has a cross-section with rounded or truncated edges
or corners. Such embodiments are illustrated in FIG. 2.
[0057] In an embodiment, the soft-magnetic compo-
nent has rounded edges in a plane (e.g. XZ) containing
the first orientation (e.g. X) and perpendicular to the sem-
iconductor surface.

[0058] Inanembodiment, the semiconductor substrate
further comprises two soft-magnetic trapezoidal shapes
arranged near opposite ends (e.g. A, B) of the soft-mag-
netic element.

[0059] Inotherwords, the elongated portion of the soft-
magnetic component is arranged between these two
trapezoidal shapes.

[0060] The trapezoidal shapes may be integrally
formed with the soft-magnetic element, in which case
ends of the shape (e.g. ends of the elongated shape, or
ends of the spiral, or ends of the meander) contacts the
trapezoidal shapes. In this case, preferably, the trape-
zoidal shapes have the same thickness as the soft-mag-
netic element. The electrical contacts with the excitation
circuit and the sensing circuit may be situated on the
trapezoidal shapes, or on the elongated portion, or exci-
tation contacts may be situated on the trapezoidal shapes
and the sensing contacts may be situated on the elon-
gated portion.

[0061] Alternatively, the trapezoidal shapes are
spaced from the elongated portion of the soft-magnetic
element (e.g. asillustrated in FIG. 4), in which case, there
is a small distance between the elongated portion and
the trapezoidal shapes.

[0062] It is an advantage of this embodiment that the
trapezoidal shaped portions function as a magnetic flux
concentrator, that the magnetic field component Bx is
passively amplified, which further improves the sensitiv-
ity of the magneto-impedance measurement, moreover
in a passive manner (i.e. without extra power consump-
tion). This is a major advantage, especially for portable
applications, such as e.g. an eCompass.

[0063] Inanembodiment, the semiconductor substrate
further comprises at least two horizontal Hall elements
(e.g. H1, H2), and the semiconductor substrate further
comprises a "biasing and readout circuit" for biasing and
reading out these Hall elements; and wherein said hori-
zontal Hall elements are arranged in one of the followings
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ways: i) near the ends (e.g. A, B) of said soft-magnetic
element, e.g. as shown in FIG. 16; ii) near a middle of
the soft-magnetic element, on opposite transversal sides
of the soft-magnetic component, e.g. situated on a virtual
line oriented in a direction (e.g. Y) transversal to the first
direction, e.g. as illustrated in FIG. 17 to FIG. 22; iii) near
two soft-magnetic trapezoidal shapes arranged near op-
posite ends of the soft-magnetic element, e.g. as illus-
trated in FIG. 24.

[0064] It is an advantage of this sensor device that it
is capable of measuring the magnetic field component
Bx in two ways: (1) using these Hall elements, wherein
the soft-magnetic component functions as a magnetic
field concentrator; and (2) using the magneto-impedance
effect of the soft-magnetic element. Since the sensitivity
of the Hall elements and of the magneto-impedance
measurement are usually very different, thisembodiment
is capable of measuring magnetic field over an "extended
range", i.e. from a relatively weak field to a relatively large
field. By comparing the two measurements, an error may
be detected, which can be used as a safety-check.
[0065] In an embodiment, the sensor device further
comprises an integrated magnetic concentrator (IMC)
made of a soft-magnetic material, e.g. the same magnetic
material as the Ml-element, and wherein the semicon-
ductor substrate comprises a plurality of horizontal Hall
elements arranged near a periphery of this IMC.

[0066] Itis a major advantage that the IMC can be pro-
duced in the same processing step as the soft-magnetic
element.

[0067] According to a second aspect, the present in-
vention also provides a method of producing a semicon-
ductor substrate, the method comprising the steps of: a)
providing a semiconductor substrate (e.g. CMOS sub-
strate) comprising: an excitation circuitfor excitingamag-
neto-impedance element; a sensing circuit for sensing a
magneto-impedance element; a processing circuit con-
nected to the sensing circuit, and configured for providing
a signal indicative of the magneto-impedance effect or a
value derived therefrom (e.g. a magnetic field component
Bx, a current, a torque, a position, a pressure); b) option-
ally providing a buffer layer (e.g. a polyimide layer) on
top of the semiconductor substrate; ¢) making at least
two (or at least four) openings through an upper layer
(e.g. said protection layer or said buffer layer) of the sem-
iconductor substrate, to form excitation contacts (e.g. E1,
E2) in electrical connection with the excitation circuit,
and/or to form sensing contacts (e.g. S1, S2) in electrical
connection with the sensing circuit; d) optionally applying
an electrically conductive layer, e.g. a metal seed layer;
e) applying a soft-magnetic material, e.g. a ferromagnetic
material, e.g. FeNi or an Fe-Ni alloy, e.g. by sputtering
and/or by electroplating.

[0068] Inan embodiment, the method further compris-
ing one of more of the following features: wherein the
semiconductor substrate provided in step a) is a CMOS
substrate; wherein the semiconductor substrate provided
in step a) further comprises at least two horizontal Hall

10

15

20

25

30

35

40

45

50

55

elements, and biasing and readout circuitry for biasing
and sensing these horizontal Hall elements; wherein the
semiconductor substrate provided in step a) further com-
prises a non-volatile memory operatively connected to
said processing circuit; wherein the method further com-
prises: forming two trapezoidal portions of said soft-mag-
netic material, these trapezoidal portions being integrally
formed with, or at a non-zero distance from the elongated
portion; wherein the method further comprises: forming
a disk shaped portion of said soft-magnetic material, this
disk shaped portion being integrally formed with, or at a
non-zero distance from the elongated portion; wherein
the excitation contacts (e.g. E1, E2) coincide with the
sensing contacts (e.g. S1, S2); wherein the sensing con-
tacts (e.g. S1, S2) are situated between the excitation
contacts (e.g. E1, E2); wherein the semiconductor sub-
strate provided in step a) further comprises a buffer layer
on top of the semiconductor substrate; wherein the elon-
gated portion has a length L and a width W parallel to
the semiconductor substrate, and wherein the ratio L/W
is a value in the range from 2 to 100, or from 5 to 20;
wherein the elongated portion has a length L and a thick-
ness T perpendicular to the semiconductor substrate,
and wherein the ratio L/T is a value in the range from 2
to 100, orfrom 5to 20; wherein atleast two shapes having
an elongated portion are formed in step d); wherein at
least two shapes having an elongated portion are formed
in step d), and wherein one of these shapes is at least
partially surrounded by a magnetic shielding; wherein the
semiconductor substrate further comprises a planar caoil,
having a plurality of windings routed below the elongated
portion; further comprising a step of wet etching or ani-
sotropic etching after applying the soft-magnetic materi-
al, in order to provide rounded or truncated ends and/or
edges; wherein the method further comprises a step f)
of annealing the soft magnetic material while applying a
static magnetic field oriented in a direction parallel to the
semiconductor substrate; wherein the method further
comprises a step of creating an easy magnetization axis
by flowing a relatively large current through the soft-mag-
netic element. (e.g. a current larger than 1 Ampére).
[0069] Particular and preferred aspects of the inven-
tion are set out in the accompanying independent and
dependent claims. Features from the dependent claims
may be combined with features of theindependent claims
and with features of other dependent claims as appro-
priate and not merely as explicitly set out in the claims.
[0070] These and other aspects of the invention will be
apparent from and elucidated with reference to the em-
bodiment(s) described hereinafter.

Brief description of the drawings
[0071]
FIG. 1A and FIG. 1B show an embodiment of a sem-

iconductor substrate, and a magneto-impedance
(MI) element integrally formed on top of the semi-
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conductor substrate, according to an embodiment of
the present invention.

FIG. 2A and FIG. 2B show a variant of the embod-
imentof FIG. 1A and FIG. 1B, wherein the Ml element
has rounded or truncated ends and/or edges.

FIG. 3A and FIG. 3B shows a bottom view of an MI-
structure having an elongated portion and two trap-
ezoidal portions integrally formed with the elongated
portion. In FIG. 3A the sensing contacts coincide with
the excitation contacts. In FIG. 3B the sensing con-
tacts are situated between the excitation contacts.
The electrical contacts are shown as black circles,
but are actually located at a bottom side of the IMC
structure (e.g. as can be appreciated from FIG. 1A
and FIG. 1B).

FIG. 4 shows a sensor structure comprising an elon-
gated portion, and two trapezoidal portions spaced
from the elongated portion.

FIG. 5 shows a functional block-diagram of a sensor
device proposed by the present invention, with an
abstract representation of the MI structure having
two excitation contacts and two sensing contacts.
FIG. 6 to FIG. 9 schematically illustrate that the Ml
structure can be excited electrically or magnetically,
and can be sensed electrically or magnetically. In
addition, the Ml-structure may be biased magneti-
cally.

FIG. 10 shows a sensor structure as may be used
in embodiments of the presentinvention, comprising
two identical elongated elements arranged mechan-
ically in parallel.

FIG. 11 to FIG. 13 show sensor structures as may
be used in embodiments of the present invention,
comprising two elongated elements, one of which is
at least partially magnetically shielded.

FIG. 14A and FIG. 14B show a top view and a cross-
sectional view of a sensor device according to an-
other embodiment of the present invention, having
a single opening through the polyimide layer at each
end of the Ml-element (thus 2 openings for a single
MlI-element), each opening accommodating an ex-
citation contact and a sense contact, the opening
being substantially filled with soft-magnetic material.
FIG. 15A shows a top view of an MI-element having
an excitation contact and two sense contacts con-
tacting the Ml-element from its side surface(s), as
may be used in embodiments of the present inven-
tion. (only one end is shown)

FIG. 15B shows a top view of an MI-element having
an excitation contact surface situated at one side
end of the MI-element, and having a sense contact
surface situated at the bottom of the MI-element, but
extending over the entire width of the MI-element,
as may be used in embodiments of the present in-
vention. (only one end is shown)

FIG. 15C shows a variant of FIG. 14B, where the
openings through the polyimide layer are substan-
tially filled with an electrically conductive material
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(e.g. Cu), in contact with the MI-elementfrom its side-
surface(s), as may be used in embodiments of the
present invention.

FIG. 16 shows a variant of FIG. 1, wherein the sem-
iconductor substrate further comprises two horizon-
tal Hall elements arranged near the ends of the elon-
gated portion.

FIG. 17 shows a sensor structure as can be used in
embodiments of the present invention, comprising
an Ml element having an elongated portion, and two
Hall elements arranged near the middle of the elon-
gated portion, on opposite transversal sides thereof.
FIG. 18 shows a sensor structure as can be used in
embodiments of the present invention, comprising
an MI element having an elongated portion, and a
disk shaped magnetic flux concentrator integrally
formed with, and located in the middle of the elon-
gated portion, and two horizontal Hall elements ar-
ranged near the periphery of the flux concentrator,
and two horizontal Hall elements arranged near the
ends of the elongated portion.

FIG. 19 and FIG. 20 show sensor structures as can
be used in embodiments of the present invention,
comprising an Ml element having an elongated por-
tion, and a disk shaped magnetic flux concentrator,
spaced apart from the elongated portion, and a plu-
rality of Hall elements arranged near the periphery
of the disk shaped flux concentrator.

FIG. 21 shows a sensor structure as can be used in
embodiments of the present invention, comprising
two elongated portions, oriented perpendicular to
each other, and integrally formed.

FIG. 22 shows a sensor structure as can be used in
embodiments of the present invention, comprising
two elongated portions, oriented perpendicular to
each other, spaced apart from each other.

FIG. 23 shows a variant of FIG. 21, further compris-
ing a disk shaped magnetic flux concentrator inte-
grally formed with the elongated portions, and four
horizontal Hall elements arranged near the periphery
of the disk shaped portion.

FIG. 24 shows a sensor structure as can be used in
embodiments of the present invention, comprising
an Ml structure having an elongated portion and two
trapezoidal portions, and Hall elements arranged be-
tween the trapezoidal portions and the elongated
portion.

FIG. 25 shows an example of a sensor structure com-
prising an elongated portion, and a planar coil con-
figured for magnetically biasing the elongated por-
tion.

FIG. 26 shows a flow chart of a method according
to the present invention, which can be used to man-
ufacture a semiconductor substrate as described
above, e.g. as illustrated in FIG. 1A or FIG. 2A.
FIG. 27 shows a flow chart of a method according
to another embodiment of the present invention,
which can be used to manufacture a semiconductor



11 EP 4 394 417 A1 12

substrate as described above, e.g. as illustrated in
FIG. 14A and FIG. 14B.

FIG. 28 shows a flow chart of a method according
to another embodiment of the present, which can be
used to manufacture a semiconductor substrate as
described above, e.g. as illustrated in FIG. 15A to
FIG. 15C.

[0072] The drawings are only schematic and are non-
limiting. In the drawings, the size of some of the elements
may be exaggerated and not drawn on scale for illustra-
tive purposes. Any reference signs in the claims shall not
be construed as limiting the scope. In the different draw-
ings, the same reference signs refer to the same or anal-
ogous elements.

Detailed description of illustrative embodiments

[0073] The presentinvention will be described with re-
spect to particular embodiments and with reference to
certain drawings but the invention is not limited thereto
but only by the claims.

[0074] The terms first, second and the like in the de-
scription and in the claims, are used for distinguishing
between similar elements and not necessarily for de-
scribing a sequence, either temporally, spatially, in rank-
ing or in any other manner. Itis to be understood that the
terms so used are interchangeable under appropriate cir-
cumstances and that the embodiments of the invention
described herein are capable of operation in other se-
quences than described or illustrated herein.

[0075] The terms top, under and the like in the descrip-
tion and the claims are used for descriptive purposes and
not necessarily for describing relative positions. It is to
be understood that the terms so used are interchangea-
ble under appropriate circumstances and that the em-
bodiments of the invention described herein are capable
of operation in other orientations than described or illus-
trated herein.

[0076] It is to be noticed that the term "comprising”,
used in the claims, should not be interpreted as being
restricted to the means listed thereafter; it does not ex-
clude other elements or steps. Itis thus to be interpreted
as specifying the presence of the stated features, inte-
gers, steps or components as referred to, but does not
preclude the presence or addition of one or more other
features, integers, steps or components, or groups there-
of. Thus, the scope of the expression "a device compris-
ing means A and B" should not be limited to devices con-
sisting only of components A and B. It means that with
respect to the present invention, the only relevant com-
ponents of the device are A and B.

[0077] Reference throughout this specification to "one
embodiment” or "an embodiment" means that a particular
feature, structure or characteristic described in connec-
tion with the embodiment is included in at least one em-
bodiment of the present invention. Thus, appearances
of the phrases "in one embodiment" or "in an embodi-
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ment" in various places throughout this specification are
not necessarily all referring to the same embodiment, but
may. Furthermore, the particular features, structures or
characteristics may be combined in any suitable manner,
as would be apparent to one of ordinary skill in the art
from this disclosure, in one or more embodiments.
[0078] Similarly, it should be appreciated that in the
description of exemplary embodiments of the invention,
various features of the invention are sometimes grouped
together in a single embodiment, figure, or description
thereof for the purpose of streamlining the disclosure and
aiding in the understanding of one or more of the various
inventive aspects. This method of disclosure, however,
is not to be interpreted as reflecting an intention that the
claimed invention requires more features than are ex-
pressly recited in each claim. Rather, as the following
claims reflect, inventive aspects lie in less than all fea-
tures of a single foregoing disclosed embodiment. Thus,
the claims following the detailed description are hereby
expressly incorporated into this detailed description, with
each claim standing on its own as a separate embodi-
ment of this invention.

[0079] Furthermore, while some embodiments de-
scribed herein include some but not other features in-
cluded in other embodiments, combinations of features
of different embodiments are meant to be within the
scope of the invention, and form different embodiments,
as would be understood by those in the art. For example,
in the following claims, any of the claimed embodiments
can be used in any combination.

[0080] In the description provided herein, numerous
specific details are set forth. However, it is understood
thatembodiments of the invention may be practiced with-
out these specific details. In other instances, well-known
methods, structures and techniques have not been
shown in detail in order not to obscure an understanding
of this description.

[0081] In this document, unless explicitly mentioned
otherwise, the term "magnetic sensor device" or "sensor
device" refers to a device comprising at least one "mag-
netic sensor" or at least one magnetic "sensor element”,
preferably integrated in a semiconductor substrate. The
sensor device may be comprised in a package, also
called "chip", although that is not absolutely required.
[0082] In this document, the term "sensor element"” or
"magnetic sensor element" or "magnetic sensor" can re-
fer to a component or a group of components or a sub-
circuit or a structure capable of measuring a magnetic
quantity, such as for example a magneto-resistive (MR)
element, a GMR element, an XMR element, a horizontal
Hall plate, a vertical Hall plate, a Wheatstone-bridge con-
taining at least one (but preferably four) magneto-resis-
tive elements, a magneto-impedance (Ml) element, a gi-
ant magneto-impedance (GMI) element, etc. or combi-
nations hereof.

[0083] In embodiments of the present invention, the
term "magnetic sensor structure" may refer to a single
"magnetic sensor element", or to an arrangement com-
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prising at least two "magnetic sensor elements”, e.g. one
or more MI-elements and optionally one or more integrat-
ed magnetic flux concentrators.

[0084] In this document, the expression "in-plane com-
ponent of a magnetic field vector" and "projection of the
magnetic field vector in the sensor plane" mean the
same. If the sensor device is or comprises a semicon-
ductor substrate, this also means a "magnetic field com-
ponent parallel to the semiconductor plane". These com-
ponents may be labelled Bx, By.

[0085] In this document, the expression "out-of-plane
component of a magnetic field vector" and "Z component
of the vector" and "projection of the vector on an axis
perpendicular to the sensor plane" mean the same. This
component may be labelled Bz.

[0086] Embodiments of the present invention are typ-
ically described using an orthogonal coordinate system
which is fixed to the sensor device, and having three axes
X, Y, Z, where the X and Y axis are parallel to the sub-
strate, and the Z-axis is perpendicular to the substrate.
In embodiments of the present invention comprising an
MI element having an elongated portion, the elongated
portion typically extends in the X-direction.

[0087] In this document, the expression "magneto-im-
pedance component” or "magneto-impedance element"
are used as synonyms.

[0088] In this document, the expression "spatial deriv-
ative" or "derivative" or "spatial gradient" or "gradient"
are used as synonyms. If the order of the derivative is
not explicitly mentioned, a first order gradient is meant,
unless clear from the context otherwise. In the context
of the present invention, the gradient is typically deter-
mined as a difference between two values measured at
two locations spaced apart along a certain direction. In
theory the gradient is typically calculated as the differ-
ence between two values divided by the distance be-
tween the sensor locations, but in practice the division
by said distance is often omitted, because the measured
signals need to be scaled anyway. Hence, in the context
of the present invention, the expression "magnetic field
difference" and "magnetic field gradient" can be used in-
terchangeably.

[0089] Inthis application, horizontal Hall plates are typ-
ically referred to by H1, H2, etc., signals obtained from
horizontal Hall plates are typically referred to by h1, h2,
etc., vertical Hall plates are typically referred to by V1,
V2, etc., and signals obtained from vertical Hall plates
are typically referred to by v1, v2, etc.

[0090] In this document, the term "contact pad" may
refer to a "surface area" of the semiconductor die, com-
prising or electrically connected to one or more of the
metal layers of the "metal stack" of the semiconductor
device. A "contact pad" may involve all four metal layers
M1, to M4 of the metal stack of a CMOS die, locally in-
terconnected by a plurality of vias, but that is not abso-
lutely required for the present invention.

[0091] The present invention is related to the field of
magnetic sensor devices, and more in particular to sen-
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sor devices comprising a semiconductor substrate (e.g.
a CMOS substrate) with circuitry for measuring a mag-
neto-impedance effect of a soft-magnetic component in-
tegrated on the semiconductor substrate. The present
invention is also related to a method of producing such
a sensor device.

[0092] FIG. 1A and FIG. 1B show cross-sections of a
semiconductor substrate 100, and a magneto-imped-
ance element 111 integrally formed on top of the semi-
conductor substrate 100. The magneto-impedance ele-
ment 111 is also referred to herein as MI-element or MI-
component.

[0093] The Ml-element 111 has an elongated shape
extending in a first direction X, parallel to the semicon-
ductor substrate. The X-direction is also referred to as
the "longitudinal direction". Asecond axis Y, also referred
to herein as "transversal direction" or "width direction" is
oriented parallel to the substrate 100 and perpendicular
to the X-axis. A third axis Z, also referred to herein as
"height direction" is oriented perpendicular to the sub-
strate 100. FIG. 1A shows a longitudinal cross-section
of the Ml-element 111 in the plane XZ. FIG. 1B shows a
transversal cross-section of the MI-element in the plane
YZ.

[0094] Preferably, the semiconductor substrate 100
(without the MI-element) is a "CMOS device", i.e. is pro-
duced using a CMOS compatible process. The semicon-
ductor substrate 100 comprises an excitation circuit 101,
and a sensing circuit 102 for measuring a magneto-im-
pedance effect of the MI-element 111. Such circuits are
known in the art, are not the main focus of the present
invention, and hence need not be explained in full detail
here. It suffices to say that the excitation circuit 101 may
be configured to generate an alternating voltage signal
or a pulsed voltage signal, e.g. a sinusoidal voltage signal
having a predefined amplitude and a predefined frequen-
cy, or to generate an alternating current signal or a pulsed
current signal, e.g. a sinusoidal current signal having a
predefined amplitude and a predefined frequency. The
frequency may be in the range from 10 kHz to 2.0 GHz,
orin the range from 10 kHz to 500 MHz, or from 100 kHz
to 200 MHz, or from 10 kHz to 100 MHz, or from 50 kHz
to 500 MHz, or from 100 kHz to 100 MHz, or from 50 kHz
to 50 MHz.

[0095] The semiconductor substrate 100 may further
comprise a processing circuit (not explicitly shown in FIG.
1A) connected to the sensing circuit, and configured for
providing a signal indicative of the measured impedance
or a value derived therefrom, e.g. a magnitude of a mag-
netic field component Bx, a current value, a torque value,
a linear or an angular position, a distance value, etc.
[0096] According to underlying principles of the
present invention,

- the Ml-element 111 mainly comprises a soft-mag-
netic material, oris made of a soft-magnetic material,
e.g. a ferromagnetic material, e.g. FeNi or an Fe-Ni
alloy;
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- the Ml-element 111 is arranged, e.g. deposited on
top of the semiconductor substrate 100, e.g. directly
on top of the semiconductor substrate, or on top of
a buffer layer 104, e.g. a polyimide layer. Typically,
a plurality of openings need to be made in the CMOS
substrate, and if a buffer layer 104 is also present,
the plurality of openings also needs to be made in
the buffer layer, e.g. by etching. The Ml element 111
may be applied by sputtering and/or by electroplat-
ing. The "metal stack" may contain an electrically
conductive "seed layer" functioning both as an etch
stop, and as a basis for growing the soft-magnetic
material. Alternatively, a seed layer and/or one or
more electrically conductive buffer layers may be
sputtered on top of the CMOS substrate. The dimen-
sions of the Ml-element may be defined by litho-
graphical processes. The thickness of the MI ele-
ment may be defined by the duration of the sputtering
or electroplating step, or in other suitable ways. It is
noted that a seed layer and/or one or more other
electrically conductive buffer layers are needed only
when the soft-magnetic material is deposited by
electroplating, but the presentinvention is not limited
thereto. If the soft-magnetic material is deposited on-
ly by sputtering, the seed layer and/or one or more
electrically conductive buffer layers may be omitted.

- the Ml element 110 is electrically connected to said
excitation circuit 101 and to said sensing circuit 102
by means of at least two (e.g. only two, or four) elec-
trical contacts E1, S1, E2, S2. In FIG. 1A these con-
tacts are situated at a bottom side of the M| element
110, in which case they are also referred to herein
as "back contacts" or "bottom contacts", but the
present invention is not limited thereto, and it is also
possible to connect the MI-element to the excitation
circuit and the sensing circuit via "side-contacts"
(e.g. as illustrated in FIG. 15A to FIG. 15C). In this
way, electrical connections at the top, e.g. by means
of bond wires can be avoided, thus extra processing
steps can be avoided. Furthermore, the "back-con-
tacts" or "side contacts" also provide a very firm me-
chanical anchoring of the MI-element, such that the
risk of delamination is strongly reduced or substan-
tially eliminated.

[0097] The semiconductor substrate 100 with the MI-
element 111 may be mounted on a lead frame (not
shown) or on a base for a BGA package etc., and/or may
be overmoulded by a moulding compound (not shown),
so as to form a packaged sensor device, also referred to
as "chip".

[0098] The excitation circuit 101 of FIG. 1A is electri-
cally connected to the Ml-element 111 by means of two
"bottom contacts" or "back-contacts" E1, E2, spaced
apartover a first non-zero distance along the X-direction.
The sensing circuit 102 is electrically connected to the
Ml-element 111 by means of two "bottom contacts" or
"back-contacts" S1, S2, spaced apartover a second non-
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zero distance along the X-direction. The second distance
may be smaller than the first distance, or may be equal
to the first distance, e.g. in case the excitation contacts
and the sensing contacts coincide (e.g. as illustrated in
FIG. 3A, FIG. 4,FIG. 11, etc.). The second distance may
be at least 150 um, or at least 200 pm, or at least 250
pm, or at least 300 wm, or at least 400 um, or at least
500 pwm, or at least 750 wm, or at least 1000 pm.
[0099] Inthe example of FIG. 1A, the sensing contacts
S1, S2 are located between the excitation contacts E1,
E2, but that is not absolutely required, because the sens-
ing contact S1 and the excitation contact E1 may coin-
cide. Likewise, the sensing contact S2 and the excitation
contact E2 may coincide. Thus, the MI-element 111 may
have two back contacts or side contacts (if S1 coincides
with E1,and S2 coincides with E2), or three back contacts
or side contacts (e.g. if S1 coincides with E1, but S2 does
not coincide with E2) or four back contacts or side con-
tacts (e.g. if S1 and E1 are separate contacts, and S2
and E2 are separate contacts).

[0100] The excitation contacts E1, E2 may be offset
from the outer ends A, B of the soft-magnetic element
111 in the longitudinal direction, e.g. at least L*3%, or at
least L*5%, or at least L*10%, or at least L*15%, where
L is the length of the Ml-element in the longitudinal direc-
tion. In this way, the risk of a non-uniform current density
due to side effects and/or surface defects near the edges
or near the outer ends of the Mi-structure, can be reduced
or avoided.

[0101] Inthe example of FIG. 1A and FIG. 1B, the MI-
element 111 is beam-shaped with a length L in the X-
direction (longitudinal direction), a width W in the Y-di-
rection (transversal direction), and a height H in the Z-
direction (height direction).

[0102] In an embodiment, the ratio L/W is a value in
the range from 2 to 100.

[0103] Inanembodiment, the ratio L/W is a value of at
least 2.0, or at least 5.0, or at least 10.0, or at least 20,
or at least 30, or at least 40, or at least 50, e.g. when
using spirals or meanders.

[0104] Inanembodiment, atleastone of the ratios L/W
and T/W is a value in the range from 5 to 20, e.g. in the
range from 8 to 18, e.g. in the range from 10 to 15. In
preferred embodiments, both ratios L/W and T/W are in
the range from 5 to 20. This is beneficial for the skin
effect, and thus for the impedance measurement.
[0105] Inthe example of FIG. 1A and FIG. 1B the MI-
element 111 has "straight edges”, but that is not abso-
lutely required.

[0106] A method which can be used to produce a sen-
sor device as illustrated in FIG. 1A, will be discussed
further (see FIG. 26).

[0107] FIG. 2A and FIG. 2B show a variant of the em-
bodiment of FIG. 1A and FIG. 1B, wherein the Ml element
211 has rounded or truncated ends (e.g. as illustrated in
FIG. 2A), and/or has rounded or truncated edges (e.g.
as illustrated in FIG. 2B). This can be achieved for ex-
ample by wet etching. By providing rounded or truncated
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edges and/or rounded or truncated ends, discontinuities
in the current density near the outer periphery of the MI-
element can be avoided, which is beneficial to the MI-
effect. Everything else described above, is also applica-
ble here, mutatis, mutandis.

[0108] FIG. 3A shows an MI element in the form of a
magnetic structure 310 having an elongated portion 311
and two trapezoidal portions 312a, 312b integrally
formed with the elongated portion 311. In the example
shown, the elongated portion 311 has a constant width
W1. The two trapezoids have a short side oriented in the
Y-direction, both having the same width W1, and have a
long side oriented in the Y-direction, having a width W2
larger than W1, e.g. at least 20% larger, or at least 40%
larger, or at least 50% larger. Preferably the ratio W2/W1
is a value in the range from 120% to 250%, e.g. in the
range from 150% to 200%. Importantly, the "large sides"
ofthe trapezoids 312a, 312b are straight and are oriented
in the transversal direction Y. They offers the advantage
of passively amplifying the magnetic field component Bx
sensed by the elongated portion 311. This increases the
sensitivity of the MI element (for a given electrical power),
or decreases the power consumption (for a given sensi-
tivity). This also increases the signal-to-noise ratio of the
Ml-sensor.

[0109] Inthe example of FIG. 3A, the excitation contact
E1 and the sensing contact S1 coincide and are located
on the trapezoidal shape 312a, but that is not absolutely
required. In fact, whether or not the excitation and sens-
ing contacts coincide is unrelated to the presence or ab-
sence of the trapezoidal portions.

[0110] In another embodiment (not shown), the con-
tacts E1 and S1 coincide at a first contact location, and
the contacts E2 and S2 coincide at a second contact
location, and both the first and second contact location
are situated on the elongated portion 311.

[0111] In another embodiment (not shown), each of
the contacts S1 and S2 is situated between the contacts
E1 and E2, and all contacts E1, S1, E2, S2 are situated
on the elongated portion 311.

[0112] In yet another embodiment, illustrated in FIG.
3B, the excitation contacts E1 and E2 are located on the
trapezoidal shapes 312a and 312 respectively, but the
sense contacts S1 and S2 are located on the elongated
portion 311. In the example shown, the sense contacts
S1, S2 are slightly offset from the ends of the elongated
portion 311, e.g. by approximately 3% to 8% of L, e.g.
by about 5% of L, L being the length in the X-direction of
the Ml-element without the trapezoidal portions.

[0113] FIG. 4 shows a variant of the Ml element of FIG.
3AandFIG. 3B, where the two trapezoidal portions 412a,
412b are spaced from the elongated portion by a small
distance (e.g. about 1 um). The trapezoidal shapes 412a,
b are still magnetically coupled to the elongated portion
411, and provide an increased magnetic field vector Bx
to the elongated portion 411, but the trapezoidal shapes
are electrically separated therefrom. All the contacts E1,
E2, S1, S2 are located on the elongated portion 411. In
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the example shown in FIG. 4A, the contacts E1 and S1
coincide at a first contact location, and the contacts E2
and S2 coincide at a second contact location, but that is
not absolutely required.

[0114] In a variant of FIG. 4, the sensing contacts S1
and S2 are located between the excitation contacts E1,
E2, e.g. 5% or 10% or 15% of the length L inwards.
[0115] The elongated shape 411 has a thickness T.
Preferably the trapezoidal shapes 412a,b have the same
thickness T. Such a structure 410 is easier to produce.
But it is also possible to provide trapezoidal shapes with
a thickness larger or smaller than the thickness of the
elongated shape 411, e.g. by electroplating either the
elongated shape 411 but not the trapezoidal shapes, or
vice versa.

[0116] FIG. 5 shows a functional block-diagram of a
sensor device 540 proposed by the present invention.
The sensor device 540 comprises an excitation circuit
501, and a sensing circuit 502 for performing an imped-
ance measurement. The sensor device further compris-
es a magneto-impedance element 511, represented in
an abstract manner as a block having two excitation con-
tacts E1, E2 and two sensing contacts S1, S2. The sensor
device 540 further comprises a processing circuit 506
connected to the sensing circuit 502, and configured for
providing a signal indicative of the measured impedance
or a value derived therefrom, e.g. a magnetic field com-
ponent Bx, a current, a torque, a position, a pressure,
etc., depending on the application in which the sensor
device 550 is used. The processing circuit 506 may com-
prise analog or a digital circuitry. The sensor device 550
may optionally further comprise a non-volatile memory
507, operatively connected to the processing circuit. This
non-volatile memory 507 may store at least one constant,
or may store a look-up table for converting the measured
impedance value into a magnetic field value, or into a
current value, or into a torque value, or into a pressure
value, or into a distance value, etc.

[0117] While not shown in FIG. 5, the sensor device
550 may be a packaged semiconductor device, (also
known as "chip"), comprising a semiconductor substrate
with an MI element, optionally with a lead frame, and
preferably overmoulded by a plastic mould compound.
[0118] In embodiments of the present invention de-
scribed above, the Ml-element 611 is electrically con-
nected to the excitation circuit via excitation contacts E1,
E2, and is electrically connected to the sensing circuit
via sensing contacts S1, S2, as schematically illustrated
by FIG. 6.

[0119] But that is not the only possible way to excite
and to sense the Ml-element, however, as schematically
illustrated in FIG. 7 where the MI-element 710 is sensed
electrically but excited magnetically, or as illustrated in
FIG. 8 where the MI element 810 is excited electrically
but sensed magnetically, or as illustrated in FIG. 9 where
the MI element 910 is excited magnetically and sensed
electrically, or excited electrically and sensed magneti-
cally, and where one of the coils is used for magnetic
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biasing. In fact, a MI-element can also be magnetically
biased, for example by any of the coils illustrated in FIG.
7 to FIG. 9, or by means of an additional coil.

[0120] FIG. 10 shows a sensor structure 1010 com-
prising two identical soft-magnetic elongated elements
1011a, 1011b, arranged in parallel (in a direction sensi-
tive to Bx), and spaced apart by a distance d10, e.g. in
the range from 100 wm to 2000 pwm, or in the range from
100 pm to 1000 wm, or in the range from 200 um to 800
pm, or in the range from 100 pm to 500 um, e.g. equal
to about 200 wm, or equal to about 300 uwm. The two Ml
elements 1011a, 1011b are preferably electrically inter-
connected at their ends B1, B2 to a fixed voltage poten-
tial, e.g. to a reference voltage (GND). When the two MI-
elements 1011a, 1011b are synchronously excited by an
AC source (e.g. a sinusoidal current), or by related sourc-
es (e.g. synchronous sinusoidal currents with different or
equal phases, or related pulses, and/or same, opposite
or different DC bias current), a voltage difference Vout
measured between the sensing nodes S1a and S1b is
indicative of a magnetic field gradient of the Bx compo-
nent along the Y-direction, which may be written as
dBx/dy. The sensor of FIG. 10 is thus in fact a differential
sensor (also known as a gradiometer).

[0121] FIG. 11 shows a sensor structure 1110 as may
be used in embodiments of the present invention, com-
prising two elongated elements 1111a, 1111b, both ori-
ented in the X-direction. As can be appreciated from FIG.
11, the first elongated element 1111a is surrounded by
a substantially planar object made of a soft-magnetic ma-
terial in the same plane as the first elongated element
1111a, but open at its top and its bottom side. In the
example of FIG. 11, the shielding 1120 has an overall
rectangular shape, but that is not absolutely required.
The object 1120 acts as a magnetic shielding for mag-
netic field lines parallel to the semiconductor surface, and
oriented in the X-direction. The height (in the Z-direction)
of the rectangular shape 1120 may be smaller than, sub-
stantially equal to, or larger than the height of the first
elongated element 1111a, e.g. at least 20% larger, or at
least 30% larger. The second elongated element 1111b
preferably has the same size and dimensions as the first
elongated element 1111a, but is not surrounded by a
shielding. Instead, two trapezoidal shapes 1112a, 1112b
made of a soft-magnetic material, are arranged at a small
distance from the elongated shape 1111b. As suggested
by the dotted lines, preferably the corners of the trape-
zoidal shapes 1112a and 1112b define a virtual rectangle
having the same size (length and width) as the rectan-
gular shielding object 1120.

[0122] Eachelongatedelement1111a,1111bisan MI-
element, the magneto-impedance of which can be meas-
ured independently. In an embodiment, each Ml element
has its own excitation circuit and sensing circuit, and the
MI elements may be operated simultaneously. In another
embodiment, there is only one excitation circuit and only
one sensing circuit, which is selectively applied to either
the first Ml element or the second Ml element. The result
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obtained from the first and second MI element can be
used in a differential measurement, implemented in an-
alog or digital circuitry. By calculating a sum, or a differ-
ence, or a ratio, a common mode effect can be reduced
or removed (e.g. a temperature influence, or long-term
drift). Indeed, in the absence of a magnetic field signal
Bx, the two MI elements 1111a, 1111b will have a very
similar behaviour, which can be regarded as a common
mode signal. In the presence of a magnetic field signal
Bx, the second MI element 1111b will measure an im-
pedance which varies with Bx, whereas the first Ml ele-
ment 1111a will measure an impedance which does not
substantially vary with Bx. By subtracting the signals, or
by calculating a ratio, a common mode component which
is experienced by both M| elements, e.g. a temperature
dependence, or a drift over lifetime, can be reduced or
eliminated.

[0123] Inthe example shown in FIG. 11, the excitation
contacts E1, E2, E3, E4 coincide with the respective
sensing contacts S1, S2, S3, S4, but thatis not absolutely
required, and in a variant of FIG. 11, the sensing contacts
S1, S2 may be located between the excitation contacts
E1, E2, and the sensing contacts S3, S4 may be located
between the excitation contacts E3, E4.

[0124] As pointed outabove, FIG. 11 is not necessarily
drawn to scale, and in practice, a distance between the
MI element 1111a and the shielding 1120 may be in-
creased to avoid leakage.

[0125] FIG.12showsamagneticstructure 1210, which
can be considered a variant of FIG. 11, having a first and
a second MI element 1211a, 1211b of equal size and
shape, each having an elongated portion with rounded
ends but no trapezoidal portions. The elongated portion
of the first Ml-element 1211a is surrounded by a substan-
tially rectangular shape 1220, made of a soft-magnetic
material having rounded corners, functioning as a shield-
ing. The elongated portion of the second MI element
1211bis not surrounded by a shielding. Again, the signals
obtained from these elements may be added, or subtract-
ed, or my be divided in the analog or digital domain. By
doing so, a common influence, or relative influence which
is shared by both Ml elements, such as e.g. atemperature
dependence, or a drift over lifetime, can be reduced or
substantially eliminated.

[0126] FIG. 13 showsamagneticstructure 1310, which
can be considered another variant of FIG. 11 and FIG.
12, having a first and a second elongated portion 13113,
1311b of substantially the same size and shape. The first
elongated portion 1311a is connected in the middle be-
tween two U-shaped portions 1313a, 1313b, oriented
such that the legs of the U-shaped portions are oriented
towards each other but without touching each other, so
as to form two cavities 1315a, 1315b. The second MI-
element 1311b is situated inside one of these cavities
1315b. The U-shaped portions 1313a, 1313b function as
a magnetic field concentrator or passive amplifier for the
first Ml-element 1311a, (e.g. similar to the trapezoidal
shapes described above), but at the same time, function
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as a magnetic shielding for the second elongated portion
1311b. Again, by summing or subtracting or by calculat-
ing a ratio of the signals obtained from the two Ml ele-
ments, a common mode can be reduced or avoided.
[0127] FIG. 14A and FIG. 14B show a top view and a
cross-sectional view, respectively, of a sensor device
1410 which can be regarded as a variant of the sensor
device of FIG. 1A, orFIG. 2A, or FIG. 5. The main purpose
of FIG. 14A and FIG. 14B is to illustrate and describe
another way of connecting the M| element 1411 to the
excitation and sensing circuit (not explicitly shown) of the
semiconductor substrate, e.g. CMOS substrate 1400.
[0128] A method to produce a sensor device as illus-
trated in FIG. 14A and FIG. 14B, will be described further
in FIG. 27, but as can already be appreciated from FIG.
14B, the sensor device 1410 is based on a CMOS device
with a passivation layer 1452 or 1453 and with contact
pads 1451. On top of the CMOS device a buffer layer
1454, e.g. apolyimide layer may be applied; afirstrelative
large opening is made in the buffer layer above the con-
tact pads E1, S1, and a second relatively large opening
is made in the buffer layer above the contact pads E2,
S2, and four relatively small openings are made to ex-
pose the contact pads 1451. Then a conductive seed
layer 1455 may be sputtered, and a soft magnetic mate-
rial (e.g. FeNi or a FeNi alloy) may be applied on top of
the seed layer, e.g. by electroplating. As can be seen,
the relatively large openings are thus mainly filled with
the soft-magnetic material 1411, and the MI element
1411 thus formed, has four "back contacts" or "bottom
contacts".

[0129] Itis an advantage that there has to be one one
(relatively large) opening through the buffer layer, e.g.
polyimide-layer, on each side of the MI-element, even if
the excitation contact does not coincide with the sensing
contact.

[0130] It is an advantage that the contact pads are
made by the CMOS process (with high position accura-
cy), and that the position tolerances of the opening
through the buffer layer can be relaxed.

[0131] FIG. 15A shows a top view of an Ml-element
1511a having an excitation contact E1 and two sense
contacts S1a, S1b contacting the MI-element 1511a from
its side surface(s). Only one end of the Ml-element 1511a
is shown in FIG. 15A, but of course, the opposite end of
the MI element could be connected in a similar way. The
top view of FIG. 15A may be considered/interpreted to-
gether with the cross-sectional view of FIG. 15C, or a
variant thereof.

[0132] FIG. 15B shows a top view of an Ml-element
1511b having a trapezoidal shaped excitation contact
surface E2 situated at one end of the Ml-element, and
having a rectangular shaped sense contact surface S2
situated at the bottom of the Ml-element 1511b, but ex-
tending over the entire width w15 of the Ml-element. It is
an advantage that the contact interface is not a small
location, but is a larger area. In this way the contact re-
sistance can be reduced, and the accuracy of the MI-
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measurement can be improved. Only one end of the MI-
element 1511b is shown in FIG. 15B, but of course, the
opposite end of the MI element could be connected in a
similar way. The top view of FIG. 15B may be consid-
ered/interpreted together with the cross-sectional view
of FIG. 15C, or a variant thereof.

[0133] FIG.15C shows avariantof FIG. 14B. A method
to produce a sensor device as illustrated in FIG. 15C in
conjunction with FIG. 15A or FIG. 15B, will be described
furtherin FIG. 28, but as can already be appreciated from
FIG. 15C, the sensor device 1510 is based on a CMOS
device with a passivation layer 1552 or 1553 and with
contact pads 1551. On top of the CMOS device a buffer
layer 1554, e.g. a polyimide layer is applied; afirstrelative
large opening is made in the buffer layer above the con-
tact pads E1, S1, and a second relatively large opening
is made in the buffer layer above the contact pads E2,
S2, and four relatively small openings are made to ex-
pose the contact pads 1551. Then a conductive seed
layer 1555 may be sputtered. In contrast to the device of
FIG. 14B, the soft magnetic material is not applied yet,
but first a mask is applied in a region between the two
relatively large openings, and the openings are mainly
filled with a conductive material, such as e.g. copper (Cu).
Then the material in the intermediate region is removed,
and a soft magnetic material (e.g. FeNi or a FeNi alloy)
is applied, on top of the seed layer, e.g. by electroplating.
As can be seen, the relatively large openings are thus
mainly filled with the non-magnetic material (e.g. Cu),
and the M| element 1511 thus formed may have two or
more side contact surfaces 1556a, 1556b. In this way,
the direction of the current flowing through the soft-mag-
netic material during actual use of the MI-measurement,
can be better controlled, and the current can be made
more uniform.

[0134] FIG. 15C shows a cross-section in the plane
XZ, but a similar cross-section (without the contacts E1,
E2 can be used in the plane YZ, especially in conjunction
with FIG. 15A.

[0135] Inavariant, FIG. 15a contains a plurality of side-
contacts adjacent the MI-element, and these side-con-
tacts are interconnected in the CMOS-device below the
Ml-element, and copper zones may be provided on top
of each such side contact, and the copper zones may
then also be interconnected above the Ml-element, e.g.
using an RDL-layer, or a 3D RDL, or using bond-wires.
In this way, a coil can be formed around the MI-element.
[0136] In FIG. 15C, the soft-magnetic material 1511c
is thicker than the copper layers, but that is not absolutely
required, and in a variant, the copper layers may be thick-
er than the soft-magnetic material.

[0137] FIG. 16 shows an embodiment of a sensor de-
vice comprising a semiconductor substrate 1500, e.g. a
CMOS substrate, comprising an Ml element 1611 having
an elongated portion extending in the X-direction, and
two horizontal Hall elements H1, H2 arranged near the
longitudinal ends A, B of the elongated portion, and in-
tegrated in the semiconductor substrate 1600. This sen-
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sor device can be seen as a variant of the sensor device
of FIG. 1A, with the addition of two Horizontal Hall ele-
ments H1, H2, and a "biasing and readout" circuit 1607
for biasing and reading out the Horizontal Hall elements.
But of course, two horizontal Hall elements may also be
added to the sensor device of FIG. 14A to FIG. 15C.
[0138] Everything else described above is also appli-
cable here. For example, the sensing contacts S1, S2
may or may not coincide with the respective excitation
contacts E1, E2; the elongated portion of the MI element
1610 may have rounded or truncated ends or edges; the
semiconductor substrate 1600 may comprise two Ml-el-
ements arranged mechanically in parallel (as in FIG. 10);
the semiconductor substrate 1600 may comprise two Ml
elements arranged mechanically in parallel, but electri-
cally disconnected, one of which may be surrounded by
a planar shielding, as illustrated in FIG. 11 to FIG. 13.
[0139] The main benefit of these embodiments is that
the magnetic field component Bx can not only be meas-
ured by the MI-element 1611, but can also be measured
by the Horizontal Hall elements H1, H2, wherein, more-
over, the soft-magnetic element 1611 functions as a flux
concentrator, thus as a passive amplifier. Furthermore,
the horizontal Hall elements H1, H2 also allow to measure
a component of the magnetic field oriented in direction
Z perpendicular to the semiconductor substrate, for ex-
ample in accordance with the following formulas: Bx ~
(h2-h1), and Bz~(h1+h2), where the symbol ~ means: "is
proportional to", and h1 and h2 are the signals obtained
from the first and second Hall element H1, H2 respec-
tively.

[0140] This device allows to measure the magnetic
field component Bx with a first sensitivity determined by
the MI-element 1611, and with a second sensitivity de-
termined by the Hall elements. The combination allows
redundancy, and/or an extended range. The Horizontal
Hall elements also allow to determine the direction of the
magnetic field, which may not be possible using the MI-
element alone.

[0141] FIG. 17 shows an example of another sensor
structure 1710 that can be used in embodiments of the
present invention. The sensor structure 1710 comprises
an elongated Ml element 1711 made of a soft-magnetic
material, e.g. a ferromagnetic material, e.g. FeNi or an
Fe-Ni alloy; and further comprises four Hall elements H1,
H2, H3, H4. Two Hall elements H1, H2 are arranged near
the longitudinal ends A, B of the elongated portion 1711.
The other two Hall elements H3 and H4 are arranged
near the middle of the elongated portion 1711, on oppo-
site sides of the elongated portion, opposite each other
in the transversal direction Y.

[0142] The Ml-element allows to measure a magnetic
impedance, corresponding to a magnitude of the mag-
netic field component Bx. The two black circles represent
the excitation contacts E1, E2 and the sensing contacts
S1, 82, butas explained above, the sensing contacts S1,
S2 do not need to coincide with the excitation contacts,
and may be located between the excitation contacts, or
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may actually be side contacts.

[0143] The Hall elements allow to measure three mag-
neticfield components Bx, By, Bz, e.g. using the following
formulas: Bx~(h2-h1); By~(h3-h4); Bz~(h1+h2) or
Bz~(h3+h4)orBz~(h1+h2+h3+h4). Itis an advantage that
the soft-magnetic material of the MI-element functions
as a flux concentrator for the Bx-field lines, thus as a
passive amplifier.

[0144] Providing two different measurement princi-
ples, namely an MI-measurement and a measurement
with Hall elements provides an extended range, and/or
provides redundancy which can be used for fault-detec-
tion, e.g. by comparing the two measurements of Bx.
[0145] In an embodiment, the measurement of the Ml
element and of the Hall elements is performed simulta-
neously. In another embodiment, the measurement of
the Ml element and of the Hall elements is not performed
simultaneously, but is performed e.g. in a time-multi-
plexed manner.

[0146] FIG. 18 shows an example of another sensor
structure 1810 that can be used in embodiments of the
present invention. The sensor structure 1810 of FIG. 18
can be seen as a variant of the sensor structure 1710 of
FIG. 17. The sensor structure 1810 comprises a disk
shaped portion having a diameter D, and two elongated
portions of length L1, L2 extending in opposite directions
of the disk. Preferably the diameter D is a value in the
range from about 100 uwm to about 300 pm, e.g. equal
to about 200 um. The elongated portions have a length
L1, L2, which are preferably equal, and preferably the
sum of length L1 plus L2 is at least 6 times the diameter
D, which can be written mathematically as: (L1+L2) >
6*D. The magnetic structure 1610 is integrally formed,
and is made of a soft-magnetic material, e.g. a ferromag-
netic material. In the example shown, two Horizontal Hall
elements H1, H2 are arranged near the ends A, B of the
elongated elements, and two horizontal Hall elements
H3, H4 are arranged near the periphery of the disk
shaped portion. Everything else mentioned above for
FIG. 17 is also applicable here, mutatis mutandis.
[0147] In a variant of FIG. 18 (not explicitly shown),
four horizontal Hall elements are located near the periph-
ery of the disk, on virtual lines U, V forming an angle of
45° with the X-direction, angularly spaced apart by mul-
tiples of 90°, and the Hall elements H3 and H4 on the Y-
axis may be omitted.

[0148] FIG. 19 shows an example of another sensor
structure 1910 that can be used in embodiments of the
present invention. The sensor structure 1910 comprises
adisk shaped flux concentrator 1913 (also referred to as
"IMC disk"), and an elongated Ml-element 1911. The disk
1913 and the Ml-element 1911 comprise the same soft-
magnetic material, and are preferably produced simulta-
neously. As can be seen, the Ml element is oriented in
the X-direction, and the disk 1913 is located on the mid-
line of the Ml element 1911, i.e. on a virtual line passing
through the middle of the MI-element 1911 and oriented
in the Y-direction. In the example shown, there are four
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horizontal Hall elements H1 to H4 arranged near the pe-
riphery of the disk 1913, two of them H2, H4 being located
on virtual line parallel to the X-axis, the other two H1 and
H3 being located on said midline. The disk 1913 is spaced
from the MI-element 1911 by a predefined distance d19,
e.g. in the range from 100 um to 400 um. In a variant of
the sensor structure 1910, only two Hall elements are
present, e.g. only H2 and H4 are present, or only H1 and
H3 are present.

[0149] Besides offering two measurements of the mag-
netic field Bx, and thus an extended range and redun-
dancy as described above, this sensor structure also pro-
vides a measurement of the magnetic field components
By and Bz. In order to get an accurate measurement of
Bx, By, Bz, the Ml-circuit may be disabled during meas-
urement of the Hall elements.

[0150] The sensor structure 1910 offers the further ad-
vantage that the measurements of the Hall elements H1
to H4 can be used to test correct functioning of the exci-
tation circuit and the Ml element 1911. In order to simplify
this evaluation, the excitation circuit of the Ml-element
may have a normal operation mode, during which an al-
ternating voltage or current is supplied to the Ml-element
1911 (as described above) and may have a diagnostics
mode during which a predefined dc voltage or current is
supplied to the MI-element. This dc current, when flowing
through the MI-element 1911, will generate a magnetic
field that can be measured by the horizontal Hall ele-
ments. By comparing the measured field, with the ex-
pected field, an error can be detected.

[0151] In a particular embodiment, the test comprises
the following steps:

i) measuring Bz while the MI element 1911 is disa-
bled (to measure an external disturbance field);

i) shortly thereafter, measuring Bz while the Ml ele-
ment 1911 is provided with the dc test current (to
measure a superposition of the external disturbance
field and the field generated by the MI-element,

iii) subtracting the result of the first measurement
from the second measurement, thereby obtaining a
measurement of the field generated by the Ml-ele-
ment 1911 in diagnostics mode;

iv) comparing the measured field with the predefined
field using a predefined matching criterium (e.g. de-
viation should be smaller than a predefined thresh-
old), and determining whether an error is detected
based on the outcome of that comparison.

[0152] FIG. 20 shows an example of another sensor
structure 2010 that can be used in embodiments of the
presentinvention. As can be seen, it comprises the same
elements as the sensor structure 1911 of FIG. 19, but
the disk 2013 with the Hall elements is arranged on the
same axis as the Ml element.

[0153] Itis an advantage of this sensor structure that
the MI element and IMC disk can be designed with dif-
ferent magnetic properties, e.g. to sense different ranges
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of magnetic field (e.g. high saturation for the IMC and
low saturation for the MI element). This allows to build a
sensor with extended range, and/or allows to detect er-
rors for safety purposes.

[0154] In a variant of this embodiment, the Hall ele-
ments H2 and H4 are omitted, the Ml-element 2011 is
used formeasuring Bx,and H1 and H3 are used for meas-
uring By and Bz.

[0155] In another variant of this embodiment, the Hall
elements H1 and H3 are omitted, and a first measure-
ment of Bx is provided by the Ml-element, and a second
measurement of Bx is provided by H2 and H4.

[0156] FIG. 21 shows an example of another sensor
structure 2110 that can be used in embodiments of the
presentinvention. As can be seen, it comprises two elon-
gated Ml-elements 2111a, 2111b oriented in perpendic-
ular directions. These MI-elements are integrally formed,
and are thus electrically and magnetically interconnected
at the center.

[0157] In an embodiment, the first MI-element 2111b
(oriented in the X-direction) and the second Ml-element
2111a (oriented in the Y-direction) are not operated si-
multaneously. In this case, for example, an ac voltage
can be applied over the nodes E1 and E2 while the ex-
citation nodes E3 and E4 are left floating, in order to
measure a magnetic field component Bx; and some time
later, an ac voltage can be applied over the nodes E3
and E4 while the excitation nodes E1 and E2 are left
floating, in order to measure a magnetic field component
By, etc. The two Ml-elements may be alternatingly excit-
ed repeatedly.

[0158] In another embodiment, the first Ml-element
(oriented in the X-direction) and the second Ml-element
(oriented in the Y-direction) are operated simultaneously.
This can be achieved, for example, by electrically con-
necting the nodes E1 and E3, and by electrically con-
necting the nodes E2 and E4, and by applying an alter-
nating voltage over the excitation nodes E1 and E2, and
simultaneously or alternatingly sensing the nodes S1, S2
to measure a first current or a first impedance indicative
of Bx, and sensing the nodes S3 and S4 to measure a
second current or a second impedance indicative of By.
[0159] Other excitation schemes and readout
schemes are possible.

[0160] Inthe example of FIG. 21, the excitation contact
E1 and the sensing contact S1 coincide, but that is not
absolutely required, as explained above. The same ap-
plies to the other excitation and sensing contacts E2, S2
and E3, S3 and E4, S4.

[0161] Itis an advantage of this sensor structure that
it allows to measure two orthogonal magnetic field com-
ponents Bx, By. Depending on the application, this allows
e.g.todetermine an angular position relative to a magnet.
[0162] FIG. 22 shows a sensor structure 2210 as can
be used in embodiments of the present invention, com-
prising two elongated portions 2211a, 2211b oriented
perpendicular to each other, and spaced apart from each
other. The distance d22 may be a distance in the range
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from 50 pwm to 500 wm. This sensor structure is a variant
ofthe sensor structure of FIG. 21, and allows for the same
measurements.

[0163] FIG. 23 shows an example of another sensor
structure 2310 that can be used in embodiments of the
present invention. This sensor structure can be seen as
a variant of the sensor structure of FIG. 21, further com-
prising a disk shaped portion at the center, and four hor-
izontal Hall elements arranged near the periphery of that
disk. Or stated in other words, this sensor structure 2310
has a shape with a central disk shaped portion, and four
elongated portions (or arms) extending in four orthogonal
directions. Preferably the elongated portions have a
same length L1.

[0164] This sensor structure can be used to determine
Bx by performing an impedance measurement between
the excitation nodes E1, E2, and can be used to deter-
mine By by performing an impedance measurement be-
tween the excitation nodes E3, E4, as described in FIG.
21.

[0165] In addition, this sensor structure can be used
to measure a magnetic field component Bu oriented in
the U-direction, and a magnetic field component Bv ori-
ented in the V-direction. The Hall elements may be op-
erated (i.e. biased and readout) while the excitation
nodes E1 to E4 and the sensing nodes S1 to S4 are left
floating, or may be operated at the same time as per-
forming animpedance measurement. In an embodiment,
the measurement of the Ml-elements and the measure-
ments of the Hall elements are not performed simultane-
ously, but are performed in a time-multiplexed manner.
[0166] Itis an advantage of this structure that it allows
to measure Bx and By with a first sensitivity (using the
magneto-impedance measurement technique), and al-
lows to measure Bu and Bv with a second sensitivity (us-
ing the Hall elements, and the disk shaped flux concen-
trator). The values of Bu and Bv can be converted into
values for Bx and By, or vice versa, e.g. by using a matrix
operation.

[0167] The same dimensions as mentioned in FIG. 18
are applicable here.

[0168] FIG. 24 shows an example of another sensor
structure 2410 that can be used in embodiments of the
present invention. This sensor structure can be seen as
a variant of the sensor structure of FIG. 4, wherein the
sensing contacts S1, S2 are situated between the exci-
tation contacts E1, E2; and wherein the sensor structure
2410 further comprises at least one Hall element, e.g.
two Hall elements H1, H2 situated near the first gap g1
between the first trapezoidal shaped portion 2412a and
the elongated portion 2411, and further comprises at
least one Hall element, e.g. two Hall elements H3, H4
situated near the second gap g2 between the second
trapezoidal shaped portion 2412b and the elongated por-
tion 2411.

[0169] In a variant (not shown), the two Hall elements
H1 and H2 are replaced by a first Hall element situated
in the middle between H1 and H2, and the two Hall ele-
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ments H3 and H4 are replaced by a second Hall element
situated in the middle between H3 and H4. Using two
Hall elements instead of only one improves the signal-
to-noise ratio, when the signals are combined, e.g. av-
eraged or summed.

[0170] The sensor structure 2410 allows to measure
the magnetic field Bx by performing a magneto-imped-
ance measurement using the Ml element 2411, and al-
lows to measure the magnetic field components Bx and
Bz by means of the Hall elements. This allows a meas-
urement of Bx over an extended range, and/or allows for
error detection (e.g. by comparing the two Bx measure-
ments).

[0171] FIG. 25 shows an example of another sensor
structure 2510 that can be used in embodiments of the
present invention. This embodiment illustrates that the
elongated portion 2511 can be magnetically biased using
aplanar coil 2505. By doing so, the curve of the magneto-
impedance measurement as a function of the value Bx
can be shifted, and the sensitivity of the magneto-imped-
ance measurement can be improved. The planar coil can
be implemented for example in the "interconnection
stack", also known as "metal stack" of the semiconductor
substrate 2500. It is noted in this respect that the "inter-
connection stack" 2503 of a standard CMOS device typ-
ically contains four metal layers. A planar coil 2505 can
be provided by forming a spiral in one or more of these
metal layers. FIG. 25(a) shows atop view, and FIG. 25(b)
shows a cross-sectional view of such a semiconductor
substrate.

[0172] In a variant (not shown), the sensor device fur-
ther comprises a second coil, situated near the otherend
of the MI element 2511. The second coil may have the
opposite polarity of the first coil 2505.

[0173] As described above, itis also possible to create
a 3D loop surrounding the MI element 2511, e.g. using
an RDL layer or bond-wires, or other known techniques.
[0174] FIG. 26 shows a flow chart of a method 2630
of manufacturing a semiconductor substrate as de-
scribed above, or a sensor device comprising such a
semiconductor substrate. The method comprises the
steps of:

a) providing in step 2631 a semiconductor substrate
(e.g. CMOS substrate) comprising:

- an excitation circuit for exciting a magneto-im-
pedance element;

- asensing circuit for sensing a magneto-imped-
ance element;

- a processing circuit connected to the sensing
circuitand configured for providing an output sig-
nal indicative of a measured impedance or a val-
ue derived therefrom (e.g. a magnetic field com-
ponent Bx, a current, atorque, a position, a pres-
sure);

b) optionally providing in step 2632 a buffer layer
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(e.g. a polyimide layer) on top of the semiconductor
substrate;

c) making in step 2633 at least two openings through
an upper layer (e.g. protection layer or buffer layer)
of the semiconductor substrate, to form excitation
contacts in electrical connection with the excitation
circuit, and to form sensing contacts in electrical con-
nection with the sensing circuit. As mentioned above,
some of the excitation contacts and the sense con-
tacts may coincide;

d) optionally applying 2634 an electrically conductive
layer, e.g. a metal seed (e.g. Cu), e.g. by sputtering;
e) applying 2635 a soft-magnetic material (e.g. Fe-
Ni), e.g. by sputtering and/or electroplating, e.g. on
top of the metal seed, if present.

[0175] Step e) may comprise sputtering a bulk layer of
soft-magnetic material, or may comprise providing a
stack of multiple layers of soft-magnetic material, and
layers of another material in between.

[0176] Step d) may comprise: providing at least one
seed layer having a shape with at least one elongated
portion.

[0177] Step d) may comprise: providing two seed lay-
ers, e.g. including a first seed layer to ensure good ad-
hesion (e.g. comprising Ti or a Ti alloy), and a second
seed layer (e.g. Cu).

[0178] The method may further comprise step f) of an-
nealing the soft magnetic material while applying a static
magnetic field oriented in a direction parallel to the sem-
iconductor substrate.

[0179] A step of annealing is not required, however,
and it is also possible to create the so called "easy axis"
by flowing a strong current in the MI structure(s).
[0180] The method may further comprise one or more
of the following steps:

- dicing the semiconductor substrate to form a plurality
of semiconductor dies;

- mounting the semiconductor die on a lead frame;

- packaging the semiconductor die by applying a
moulding compound.

[0181] FIG. 27 shows a flow chart of a method 2730
according to another embodiment of the present inven-
tion, which can be used to manufacture a semiconductor
substrate as described above, e.g. as illustrated in FIG.
14A and FIG. 14B. The method of FIG. 27 can be seen
as a special case of the method of FIG. 26. The method
2730 comprises the following steps:

a) providing 2731 a semiconductor substrate com-
prising: an excitation circuit for exciting a magneto-
impedance element; a sensing circuit for sensing a
magneto-impedance element; a processing circuit
connected to the sensing circuit;

c) making 2733 at least two openings through an
upper layer of the semiconductor substrate, to form
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excitation contacts (E1, E2) in electrical connection
with the excitation circuit, and to form sensing con-
tacts (S1, S2) in electrical connection with the sens-
ing circuit;

g) providing 2737 "contact pads" in contact with the
excitation contacts and with the sensing contacts;
b) providing 2732 a buffer layer (e.g. a polyimide
layer) on top of the semiconductor substrate, and
making two (relatively large) openings through the
buffer layer, one at each end of the Ml-structure, for
contacting the "contact pads";

d) optionally applying 2734 an electrically conductive
layer, e.g. a metal seed (e.g. Cu), e.g. by sputtering;
e) applying 2735 a soft-magnetic material (e.g. FeNi
or an FeNi alloy), e.g. by sputtering and/or electro-
plating, e.g. on top of the metal seed, if present

[0182] Step c) and g) may be performed in a single
"operation".
[0183] Itis an advantage that the steps a), c) and g)

can be performed using a standard CMOS process, using
CMOS lithography.

[0184] The same remarks regarding step d), step f)
and optional further steps is also applicable here.
[0185] It is noted that step 2737 and step 2837 are
typically used in a CMOS process to form a bonding pad
in the top metal of the "metal stack". The bonding pad is
then routed to the excitation and/or sensing circuitry us-
ing the metal layers of the "metal stack".

[0186] FIG. 28 shows a flow chart of a method accord-
ing to another embodiment of the present, which can be
used to manufacture a semiconductor substrate as de-
scribed above, e.g. as illustrated in FIG. 15Ato FIG. 15C.
The method of FIG. 28 can be seen as another special
case of the method of FIG. 26. The method 2830 com-
prises the following steps:

a) providing 2831 a semiconductor substrate com-
prising: an excitation circuit for exciting a magneto-
impedance element; a sensing circuit for sensing a
magneto-impedance element; a processing circuit
connected to the sensing circuit;

c) making 2833 at least two openings through an
upper layer of the semiconductor substrate, to form
excitation contacts (E1, E2) in electrical connection
with the excitation circuit, and to form sensing con-
tacts (S1, S2) in electrical connection with the sens-
ing circuit;

g) providing 2837 "contact pads" in contact with the
excitation contacts and with the sensing contacts;
b) providing 2832 a buffer layer (e.g. a polyimide
layer) on top of the semiconductor substrate, and
making two (relatively large) openings through the
buffer layer, one at each end of the MI-structure, for
contacting the "contact pads";

d) optionally applying 2834 an electrically conductive
layer, e.g. a metal seed (e.g. Cu), e.g. by sputtering;
h) providing 2838 a mask with openings for the elec-
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trically conductive material at certain envisioned lo-
cations of the Ml-element;

i) depositing 2839 an electrically conductive material
(e.g. Cu) in the openings;

j) providing 2840 a mask over the electrically con-
ductive material;

e) applying 2735 a soft-magnetic material (e.g. Fe-
Ni), e.g. by sputtering and/or electroplating, e.g. on
top of the metal seed, if present

[0187] The same remarks regarding step d), step f)
and optional further steps is also applicable here.
[0188] In an embodiment, the electrically conductive
material (e.g. Cu) is provided before the soft-magnetic
material is provided, but that is not absolute required,
and it is also possible to first provide the soft-magnetic
material, and the electrically conductive material (e.g.
Cu) later.

[0189] Step e) may comprise: applying 2835 a soft-
magnetic material on top of the seed layer and at least
partially on top of the conductive material.

REFERENCES:

[0190]

E1, E2 excitation contact

S1, S2 sensing contact

H1, H2  horizontal Hall element

REFERENCES (module 100):

[0191]

00 semiconductor substrate
01  excitation circuit

02  sensing circuit

03  ‘interconnection layers", "
04  buffer layer

05  biasing coil

06  processing circuit

07  "biasing and readout" circuit for Hall elements
08 seed layer

10  sensor structure or sensor arrangement

1 elongated portion of Ml structure, "MI element”
12  trapezoidal portion

13  disk shaped portion

14  U-shaped portion

metal stack"

15  cavity
20  shielding
30 method

50 sensor device

51  contact pads

52  passivation layer or intermediate layer

53  passivation layer

54  buffer layer, e.g. polyimide layer

55 seed layer

56  contact surface (on a side of the MI element)
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Claims
1. A sensor device comprising:

- a semiconductor substrate (100) comprising
an excitation circuit (101) for generating an al-
ternating voltage or an alternating current, and
a sensing circuit (102) for measuring magneto-
impedance effect of a soft-magnetic component
(111) arranged on top of the semiconductor sub-
strate (100);

- wherein the soft-magnetic component (111) is
operatively connected to both of said excitation
circuit and said sensing circuit; and

- wherein the soft-magnetic component (111) is
electrically connected to at least one of said ex-
citation circuit and said sensing circuit by means
of back contacts situated at a bottom surface of
the soft-magnetic component (111), and/or by
means of side contacts situated near (at?) a lat-
eral surface of the soft magnetic component
(111);

- wherein the soft-magnetic component has an
elongated shape extending in a firstdirection (X)
parallel to the semiconductor substrate (100), or
has a shape comprising at least one elongated
portion extending in a first direction (X) parallel
to the semiconductor substrate (100);

- a processing circuit (506) connected to the
sensing circuit (102), and configured for provid-
ing a signal indicative of the magneto-imped-
ance effect or a value derived therefrom.

2. A sensor device according to claim 1,

wherein the excitation circuit (101) is electrically
connected to the soft-magnetic component
(111) at a first and a second excitation contact
(E1, E2); and

wherein the sensing circuit (102) is electrically
connected to the soft-magnetic component
(111) at a first and a second sensing contact
(S1, S2).

3. A sensor device according to claim 2,

wherein the first excitation contact (E1) coin-
cides with the first sensing contact (S1) and the
second excitation contact (E2) coincides with
the second sensing contact (S2);

or wherein the first and the second sensing con-
tact (S1, S2) are situated between the first and
the second excitation contact (E1, E2).

4. A sensor device according to any of the previous
claims,

wherein the semiconductor substrate further
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comprises a buffer layer; and
wherein the soft-magnetic component is ar-
ranged on top of this buffer layer.

A sensor device according to claim 4,

wherein the excitation circuit and the sensing circuit
are electrically connected to the soft-magnetic com-
ponentby means of electrical interconnections pass-
ing through the buffer layer.

A sensor device according to any of the previous
claims,

wherein the elongated shape or the elongated
portion has a length L and a width W parallel to
the semiconductor substrate, and a thickness T
perpendicular to the semiconductor substrate;
wherein at least one of the ratios L/W and T/W
is a value in the range from 2 to 100.

A sensor device (1010) according to any of the pre-
vious claims,

further comprising a second soft-magnetic com-
ponent (1011b) also having an elongated por-
tion extending in said first direction (X);

and wherein both soft-magnetic components
are excited synchronously;

and wherein output signals from the soft-mag-
netic components are combined and indicative
of a gradient signal.

A sensor device (1110; 1210; 1310) according to
clam6or?7,

further comprising amagnetic shielding (1120; 1220;
1320) that is partially surrounding or completely sur-
rounding the second soft-magnetic element (1111a;
1211a; 1311a), but notin direct physical contact with
the first or second soft-magnetic element.

A sensor device (2510) according to any of the pre-
vious claims,

further comprising biasing means (2505) for gener-
ating a DC magnetic field in the soft-magnetic ele-
ment.

A sensor device according to any of the previous
claims,

wherein the soft-magnetic component has a cross-
section with rounded or truncated edges or corners.

A sensor device according to any of the previous
claims,

wherein the semiconductor substrate further com-
prises two soft-magnetic trapezoidal shapes (312a,
312b) arranged near opposite ends (A, B) of the soft-
magnetic element (310).
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12. A sensor device according to any of the previous

claims,

wherein the semiconductor substrate (1600) fur-
ther comprises at least two horizontal Hall ele-
ments (H1, H2);

and wherein the semiconductor substrate fur-
ther comprises a biasing and readout circuit for
biasing and reading out these Hall elements;
and wherein said horizontal Hall elements are
arranged in one of the followings ways:

i) near the ends (A, B) of said soft-magnetic
element (1611);

ii) near a middle of the soft-magnetic ele-
ment, on opposite transversal sides of the
soft-magnetic component;

iii) near two soft-magnetic trapezoidal
shapes arranged near opposite ends of the
soft-magnetic element.

13. A sensor device according to any of the previous

claims,

further comprising an integrated magnetic con-
centrator (IMC) made of a soft-magnetic mate-
rial;

and wherein the semiconductor substrate com-
prises a plurality of horizontal Hall elements ar-
ranged near a periphery of this IMC.

14. A method (2630) of producing a semiconductor sub-

strate ( comprising the steps of:

a) providing (2631) a semiconductor substrate
(100; 200; 500; 1400; 2200) comprising:

- an excitation circuit (101; 201; 501; 1401)
for exciting a magneto-impedance element;
- a sensing circuit (102; 202; 502; 1402) for
sensing a magneto-impedance element;
-aprocessing circuit (506) connected to the
sensing circuit (102), and configured for
providing a signal indicative of the magneto-
impedance effect or a value derived there-
from;

b) optionally providing (2632) a buffer layer (104;
204; 504; 1404) on top of the semiconductor
substrate;

¢) making (2633) at least two openings through
an upper layer of the semiconductor substrate,
to form excitation contacts (E1, E2) in electrical
connection with the excitation circuit (101),
and/or to form sensing contacts (S1, S2) in elec-
trical connection with the sensing circuit (102);
d) optionally applying (2634 ) an electrically con-
ductive layer, e.g. a metal seed layer;
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e) applying (2635) a soft-magnetic material, e.g.
by sputtering and/or by electroplating.

15. Method (2630) according to claim 14, further com-
prising one of more of the following features:

- wherein the semiconductor substrate provided
in step a) is a CMOS substrate;

- wherein the semiconductor substrate provided
in step a) further comprises atleast two horizon-
tal Hall elements, and biasing and readout cir-
cuitry for biasing and sensing these horizontal
Hall elements;

- wherein the semiconductor substrate provided
in step a) further comprises a non-volatile mem-
ory (507) operatively connected to said process-
ing circuit (506);

- wherein the method further comprises: forming
two trapezoidal portions of said soft-magnetic
material, these trapezoidal portions being inte-
grally formed with, or at a non-zero distance from
the elongated portion;

- wherein the method further comprises: forming
a disk shaped portion of said soft-magnetic ma-
terial, this disk shaped portion being integrally
formed with, or at a non-zero distance from the
elongated portion;

- wherein the excitation contacts (E1, E2) coin-
cide with the sensing contacts (S1, S2);

- wherein the sensing contacts (S1, S2) are sit-
uated between the excitation contacts (E1, E2);
- wherein the semiconductor substrate provided
in step a) further comprises a buffer layer on top
of the semiconductor substrate;

wherein the elongated portion has a length
L and a width W parallel to the semiconduc-
tor substrate, and wherein the ratio L/W is
a value in the range from 2 to 100;
wherein the elongated portion has a length
L and a thickness T perpendicular to the
semiconductor substrate, and wherein the
ratioL/T is a valuein the range from 2 to 100;
wherein at least two shapes having an elon-
gated portion are formed in step d);
wherein at least two shapes having an elon-
gated portion are formed in step d), and
wherein one of these shapes is at least par-
tially surrounded by a magnetic shielding;

- wherein the semiconductor substrate further
comprises a planar coil, having a plurality of
windings routed below the elongated portion;

- further comprising a step of wet etching or an-
isotropic etching after applying the soft-magnet-
ic material, in order to provide rounded or trun-
cated ends and/or edges;

- wherein the method further comprises a step
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36

f) of annealing (2636) the soft magnetic material
while applying a static magnetic field oriented in
a direction parallel to the semiconductor sub-
strate;

- wherein the method further comprises a step
of creating an easy magnetization axis by flow-
ing a relatively large current through the soft-
magnetic element.
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a) providing a semiconductor substrate comprising:

- an excitation circuit for exciting a magneto-impedance element;
- a sensing circuit for sensing a magneto-impedance element; N

- a processing circuit connected to the sensing circuit; 2631

______________ R

|
| b) optionally providing a buffer layer (e.g. a polyimide layer) on :\
I top of the semiconductor substrate; |

c) making at least two openings through an upper layer of the
semiconductor substrate, to form excitation contacts (E1, E2) in N
electrical connection with the excitation circuit, and/or to form
sensing contacts (S1, S2) in electrical connection with the sensing
circuit;

2633

|
j d) optionally applying an electrically conductive layer, l\
| e.g. a metal seed (e.g. Cu) I

e) applying a soft-magnetic material (e.g. FeNi),
e.g. by sputtering and/or electroplating,

e.g. on top of the metal seed, if present 2635
m—m—m—————————— i ————————————— =
1 f) annealing the soft magnetic material while applying a static 1
I magnetic field oriented in a direction parallel to the I
I semiconductor substrate. 1 2636
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a) providing a semiconductor substrate comprising:

- an excitation circuit for exciting a magneto-impedance element;
- a sensing circuit for sensing a magneto-impedance element;

- a processing circuit connected to the sensing circuit;

2731

|

c) making at least two openings through an upper layer of the
semiconductor substrate, to form excitation contacts (E1, E2) in
electrical connection with the excitation circuit, and/or to form
sensing contacts (S1, S2) in electrical connection with the sensing

2733

circuit
v

g) providing "contact pads" in contact with the excitation contacts
and with the sensing contacts

2737

v

b) providing a buffer layer (e.g. a polyimide layer) on top of the
semiconductor substrate, and making two (relatively large)
openings through the buffer layer, one at each end of the M-
structure, for contacting the "contact pads"

2732

I d) optionally applying an electrically conductive layer,
| €.8. a metal seed (e.g. Cu)

e) applying a soft-magnetic material (e.g. FeNi),
e.g. by sputtering and/or electroplating,
e.g. on top of the metal seed, if present

| f) annealing the soft magnetic material while applying a static
I magnetic field oriented in a direction parallel to the
I semiconductor substrate.
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a) providing a semiconductor substrate comprising:

- an excitation circuit for exciting a magneto-impedance element;
- a sensing circuit for sensing a magneto-impedance element;

- a processing circuit connected to the sensing circuit;

~~2831

v

¢) making at least two openings through an upper layer of the
semiconductor substrate, to form excitation contacts (E1, E2) in
electrical connection with the excitation circuit, and/or to form
sensing contacts (S1, S2) in electrical connection with the sensing

™~ 2833

circuit
v

g) providing "contact pads" in contact with the excitation contacts and
with the sensing contacts

™~ 2837

v

b) providing a buffer layer (e.g. a polyimide layer) on top of the
semiconductor substrate, and making two (relatively large) openings
through the buffer layer, one at each end of the Ml-structure, for
contacting the "contact pads"

™ 2832

| d) optionally applying an electrically conductive layer,
e.g. a metal seed (e.g. Cu)

L e e e e e e e e = = =

1 2834

h) providing a mask at the envisioned location of the Ml-element

™ 2838

v

i) depositing an electrically conductive material (e.g. Cu) in the

™ 2839

openings
v

j) providing a mask over the electrically conductive material

™ 2840

v

e) applying a soft-magnetic material (e.g. FeNi),
e.g. by sputtering and/or electroplating,
e.g. on top of the metal seed, if present

™~ 2835

I f) annealing the soft magnetic material while applying a static
I magnetic field oriented in a direction parallel to the semiconductor
: substrate.
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